The conditions under which lysozyme aggregates Staphylococcus aureus were studied. Lysozyme was found to aggregate S. aureus at concentrations found in human tear secretions. Aggregate size depended upon lysozyme concentration, ionic strength, and bacterial concentration. There was a low level of adherence of S. aureus to corneal epithelial cells, and the adherence of a recent clinical isolate was not influenced by lysozyme concentrations found in human tear secretions. Lysozyme may enhance bacterial clearance from the corneal surface of the eye by promoting particle aggregation.
The conditions under which lysozyme aggregates Staphylococcus aureus were studied. Lysozyme was found to aggregate S. aureus at concentrations found in human tear secretions. Aggregate size depended upon lysozyme concentration, ionic strength, and bacterial concentration. There was a low level of adherence of S. aureus to corneal epithelial cells, and the adherence of a recent clinical isolate was not influenced by lysozyme concentrations found in human tear secretions. Lysozyme may enhance bacterial clearance from the corneal surface of the eye by promoting particle aggregation.
Staphylococcus aureus is a common isolate from bacterial corneal ulcers and from patients with endophthalmitis and conjunctivitis (2) . Lysozyme is a heat-stable, cationic muramidase which is present in human neutrophils, serum and, in concentrations up to 1,000 mg/liter, human tears (9) . Killing of S. aureus by lysozyme requires a reduction in ionic strength below that found in tears (10) . Although lysozyme does not have muramidase activity for the peptidoglycan of S. aureus (3, 8) , cell wall degradation may follow the activation of cell wall autolysins by lysozyme (19) .
Lysozyme aggregates streptococci (5, 7) and may enhance the clearance of streptococci from tooth surfaces (14) . In this study we tested the hypothesis that lysozyme enhances the clearance of S. aureus from the corneal surface of the eye by determining the conditions required for aggregation of S. aureus by lysozyme. Adherence is a prerequisite to colonization of epithelial and mucous membranes (12) . Adsorption of lysozyme to the bacterial cell wall could interfere with the binding of specific cell wall polymers such as teichoic acids (1) to damaged corneal or conjunctival epithelium (17) . Therefore, we also investigated the influence of lysozyme on the adherence of S. aureus to corneal epithelial cells.
MATERIALS AND METHODS S. aureus strains. Strain 1030 (11) was used in aggregation and adherence studies. This strain was used in a previous study of the influence of ,-lactamase synthesis on the susceptibility of S. aureus to lysozyme (10 colonies were counted to determine the CFU per milliliter, and viable counts were determined by this method for each bacterial concentration used in subsequent experiments.
Bacterial cells were washed by centrifugation and resuspension in 0.1 M Tris hydrochloride buffer (pH 7.0) and prepared in once-distilled water to yield 109 CFU/ml. The influence of ionic strength was determined by adding 0.2 ml of a suspension containing 109 CFU of staphylococci per ml to 0.2 ml of 0 to 0.6 M sodium chloride containing hen egg white lysozyme (HEWL; Sigma Chemical Co., St. Louis, Mo.) at 1,000 mg/liter. The influence of HEWL concentration was determined by adding 0.2 ml of a suspension containing 109 CFU of staphylococci per ml to 0.2 ml of 0.05 or 0.3 M sodium chloride containing HEWL at concentrations from 0 to 2,000 mg/liter. After incubation for 30 min at room temperature, 0.4 ml of the bacterial suspensions were overlaid onto 5 to 30% sucrose gradients (5 cm deep) in glass tubes (0.5 by 10 cm), which were then centrifuged at 110 x g for 10 min. Samples (0.5 to 1 ml) from the sucrose gradients were added to 3 ml of Aquaphase Safe (BDH, Poole, England) and counted in a liquid scintillation counter (Wallac model 1217 counter; LKB Instruments, Rockville, Md.) for 60 min or for 10,000 counts to yield the number of counts per minute. The percentage of the total count for each sample was determined by the following formula: sample count per minute/sum of counts per minute x 100.
(ii) Coulter Counter method. S. aureus 1030 was grown in brain heart infusion broth without [3H] RESULTS Preliminary work with light microscopy showed that HEWL at concentrations of more than 500 mg/liter in 0.1 M Tris hydrochloride buffer at pH 7.0 aggregates S. aureus. In sodium chloride concentrations of less than 0.05 M, large aggregates consisting of from 2 to more than 100 bacterial cells were visible under light microscopy, and these precluded the use of the particle counter, because the larger aggregates blocked the aperture. In sodium chloride concentrations of more than 0.1 M, aggregate size was smaller, so the particle counter could be used to determine the range of particle diameters. S. aureus 1030 was used in the particle counter and sucrose gradient centrifugation methods for determining aggregation, but other recent hospital isolates showed similar degrees of aggregation under light microscopy.
Sucrose gradient centrifugation was used to determine the influences of ionic strength and of HEWL concentration on aggregation in 0.025 or 0.15 M sodium chloride, with HEWL-induced aggregation resulting in the centrifugation of [3H]thymidine-labeled bacterial cells into the 25% component of the 0 to 25% sucrose gradient (Fig. 1) . Conditions for aggregation of strain 1030 included HEWL concentrations of 500 to 1,000 mg/liter in 0.15 M sodium chloride (Fig. 2) . There was a bimodal distribution of aggregation with ionic showed similar levels of adherence in the presence or absence of HEWL ( Table 2 ). The levels of adherence of strains 1030 and 3161 were low, and similiar low levels of adherence were found with other isolates of S. aureus, including strains isolated from infected corneal ulcers. Aggregation by HEWL precluded the use of more than 107 CFU/ml in adherence studies.~. strengths from 0 to 0.3 M (Fig. 3) . Although the particle counter could not be used to accurately determine the influence of ionic strength below 0.05 M, there was a nadir in the mean particle diameter of 1.02 ptm in 0.075 M sodium chloride, as compared with 1.23 ,um in 0.05 M sodium chloride and 1.31 ,um in 0.1 M sodium chloride, with 5 x 108 bacteria per ml; these results corresponded to the sucrose gradient results.
Aggregate size increased with increasing bacterial inoculum; particle diameters for a suspension of 2 x 109 viable staphylococci per ml in 0.15 M sodium chloride with HEWL at 500 mg/liter ranged from 0.79 ,um to more than 6.35 ,um (Fig. 4) , with a mean diameter of 1.89 ,um (Table 1) . Aggregation occurred within 30 s at temperatures from 4 to 37°C with HEWL concentrations exceeding 500 mg/liter and with more than 108 staphylococci per ml in 0.15 M sodium chloride.
Adherence of S. aureus 1030 to corneal epithelial cells was reduced in the presence of HEWL, but this result was not reproduced with strain 3161, a conjunctival isolate, which (5, 7). Some of the conditions required for the aggregation of S. aureus by lysozyme have been described in this study, and aggregation has been shown to occur under conditions similiar to those found in human tear secretions.
Lysozyme is a cationic protein which may promote aggregation through a reduction in the repulsive forces between negatively charged bacterial cell walls (13) by binding to teichoic acids (6) or peptidoglycan. The bimodal distribution of aggregation with ionic strengths from 0 to 0.3 M suggests that lysozyme-induced aggregation involves ionic interactions with more than one site on the bacterial cell surface. Bacteria are cleared from the corneal surface of the eye by physical factors such as washing by tears and blinking. The optimum particle size for clearance from the corneal surface of the eye has not been determined, but increased particle size may enhance clearance of staphylococci not only by optimizing physical clearance but also by reducing the surface area of the bacterial inoculum and therefore the number of binding sites available for bacterial adherence to the corneal surface.
Adherence is a prerequisite to colonization of epithelial and mucous membranes (12) . Adherence of Streptococcus sanguis to hydroxyapatite is influenced by lysozyme (18) . Adsorption of lysozyme to the staphylococcal cell wall could interfere with the binding of specific cell wall polymers such as teichoic acids (1) to damaged corneal or conjunctival epithelium (17) . Conversely, lysozyme could increase adherence through a reduction in electrostatic repulsive forces (16) . In this study there was a low level of adherence of S. aureus to corneal epithelial cells. A higher level of adherence to corneal epithelial cells has been reported for S. aureus (15) , but stored corneas were used to provide epithelial cells in that study, and it is possible that cell surface characteristics were altered with storage.
Lysozyme increases neutrophil phagocytosis, possibly through an alteration in bacterial surface charge (4), but this study suggests that particle aggregation should be taken into consideration in the interpretation of such phagocytic studies. The influence of virulence factors such as capsulation on lysozyme-induced aggregation and the interaction of lysozyme with other tear proteins, such as immunoglobulin, which promote aggregation require further investigation. 
